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A b s t r a c t  

P re l imina ry  a n a l y s i s  of magnetic measurements by Exp lo re r  35 

i n  l u n a r  o r b i t  suggested a n  upper l i m i t  of 4 x 102" gauss-cm3 f o r  t h e  

magnetic moment o f  t h e  moon. A more  d e t a i l e d  a n a l y s i s  of a l a r g e r  

body of Exp lo re r  35 d a t a  from measurements i n  t h e  e a r t h ' s  magnetic 

t a i l  has subsequent ly  been performed. Reversal  of t h e  ambient t a i l  

f i e l d  by 180° when t h e  moon and s p a c e c r a f t  t r a v e r s e  t h e  n e u t r a l  sh2e t  

p e r m i t s  a s e p a r a t i o n  of permanent and induced f i e l d  c o n t r i b u t i o n s  

t o  the  t o t a l  f i e l d  observed near t h e  moon. When compared t o  c a l c u l a t e d  

permanent and induced f i e l d  e f f e c t s ,  t h e  r e s u l t s  of t h i s  a n a l y s i s  l ead  

t o  new upper l i m i t s  o f  102' gauss-cm3 on t h e  l u n a r  magnetic moment 

and 4y on t h e  l u n a r  s u r f a c e  f i e l d .  Limit ing t h e  moment induced i n  

t h e  moon by t h e  magne to ta i l  f i e l d  pe rmi t s  an upper l i m i t  of 1.8 t o  

be set  on t h e  bu lk  r e l a t i v e  magnetic pe rmeab i l i t y  of t h e  moon. 
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I ntroduc- 

P rev ious  s p a c e c r a f t  measurements i n  the  v i c i n i t y  of t h e  moon 

have s e t  upper l i m i t s  on an i n t r i n s i c  l una r  magnetic f i e l d  such t h a t  

i f  a luna r  f i e l d  e x i s t s  a t  a l l ,  i t  is ve ry  weak. I n  1959 Luna 2 made 

measurements t o  w i t h i n  55 km of t h e  moon’s s u r f a c e  (Dolginov e t  a l . ,  

1961) , and no l u n a r  a s soc ia t ed  magnetic f i e l d  a s  l a r g e  a s  50-1OOy w a s  

&served a t  t h a t  a l t i t u d e .  The experimenters  s e t  an upper l i m i t  of  

6 x l@’ gauss-cm3 on t h e  magnetic moment of the moon. 

I n  1966 t h e  o r b i t  of Luna 10 c a r r i e d  i t  t o  w i t h i n  350 km of t h e  

l u n a r  s u r f a c e  (qolginov e t  a l . ,  1966; 1967). The magnetic f i e l d  

measurements ob ta ined  by that s p a c e c r a f t  and t h e i r  i n t e r p r e t a t i o n  

as d e t e c t i o n  o f  a pseudo-magnetosphere have been quest ioned (Ness ,  1967). 

N o  new l i m i t  on t h e  luna r  magnetic moment was set  by t h e  experimenters .  

From t h e  measurements r epor t ed ,  however, one may i n f e r  an  upper l i m i t  

on t h e  moment o f  1 -3  x le1 gauss-cm3. 

d e t e c t e d  a d i p o l e - l i k e  v a r i a t i o n  i n  t h e  magnetic f ie ld .  measured nea r  

t h e  moon. 

Ne i the r  Luna 2 nor Luna 10 

Lunar Exp lo re r  35 w a s  placed i n t o  s e l e n o c e n t r i c  o r b i t  on J u l y  2 2 ,  

1967 w i t h  aposelene = 93882100 k m ,  p e r i s e l e n e  = 25682100 km, and 

p e r i o d  = 11.5 hours.  In s t rumen ta t ion  o f  the Goddard Space F l i g h t  

Center  magnetometer on Explorer  35 and i n i t i a l  r e s u l t s  have been 

p r e v i o u s l y  desc r ibed  (Ness e t  a l . ,  1967). Subsequent ly  a more d e t a i l e d  

s t u d y  has been made of t h e  i n t e r a c t i o n  of t h e  s o l a r  wind w i t h  t h e  moon 

and t h e  r e s u l t i n g  p e r t u r b a t i o n  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  
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(Ness e t  a l . ,  1968). The GSFC experiment makes t o t a l  v e c t o r  measurements 

of t h e  ambient magnetic f i e l d  a t  5.12 second i n t e r v a l s  w i th  a s e n s i t i v i t y  

of - +O.ly. 

i n t e r p l a n e t a r y  f i e l d  l i n e s  t o  form a luna r  magnetosphere. 

enabled the lowering of t he  upper l i m i t  on the  magnetic moment 

of the  moon by more than  an o rde r  of magnitude below t h e  Luna 2 v a l u e ,  

t o  4 x 10a" gauss-cm3. 

The i n i t i a l  r e s u l t s  showed t h a t  the  moon does no t  t r a p  

They a l s o  

The purpose of t h i s  work i s  t o  p re sen t  r e s u l t s  of  a more d e t a i l e d  

s tudy  o f  Explorer  35 d a t a  which lead  t o  a s t i l l  lower upper l i m i t  

on t h e  lunar  magnetic moment and i n  a d d i t i o n  p e r m i t  an upper l i m i t  

t o  be placed on t h e  bulk  r e l a t i v e  permeabi l i ty  of t h e  luna r  body. 



Data Ana lys i s  

I f  t h e  moon has a weak permanent magnetic f i e l d ,  it would be 

h i g h l y  d i s t o r t e d  by t h e  s o l a r  wind o u t s i d e  t h e  geomagnetic f i e l d .  

For t h e  d e t e c t i o n  of t he  e f f e c t  of a weak i n t r i n s i c  l u n a r  f i e l d ,  t h e  

b e s t  environment i s  t h e  geomagnetic t a i l  where t h e  ambient f i e l d  a t  t h e  

l u n a r  o r b i t a l  d i s t a n c e  is known from p rev ious  measurements t o  be 

s t e a d y  i n  magnitude and d i r e c t i o n  except i n  t h e  v i c i n i t y  of t h e  

plasma s h e e t  (Behannon, 1968). The moon moves r e l a t i v e l y  s lowly 

through t h e  t a i l ,  sr) t h a t  under cond i t ions  of a s t eady  t a i l  f i e l d ,  

a l u n a r  f i e l d  i n  t h e  magnetotai l  should be t r e a t a b l e  as a s t a t i c  case 

t o  a good approximation. The amplitude of t h e  i n t e r a c t i o n  between 

t h e  medium and t h e  moon should be below t h e  l e v e l  of d e t e c t a b i l i t y  

of magnetometers c u r r e n t l y  i n  use ( S o n e t t  and Colburn, 1968). 

F igu re  1 shows t h e  p a t h  of the moon a c r o s s  t h e  e a r t h ' s  t a i l  i n  

s o l a r  magnetospheric coord ina te s  as  s een  from t h e  e a r t h  du r ing  

October 1967. 

s h e e t  o s c i l l a t i o n s  move t h e  sheet  f a r  enough away from t h e  moon so 

t h a t  t he  f i e l d  surrounding the moon i s  c h a r a c t e r i s t i c a l l y  o r i e n t e d  

i n  t h e  s o l a r  o r  a n t i s o l a r  d i r e c t i o n  and i s  r e l a t i v e l y  s teady.  The 

f i r s t  p e r i s e l e n e  passes  on October 1 7  and 19 occurred during such 

p e r i o d s .  

There a r e  pe r iods  of time when t h e  d i u r n a l  n e u t r a l  

When t h e  moon t r a v e r s e s  the n e u t r a l  s h e e t  du r ing  passage a c r o s s  

t h e  t a i l ,  t hen  i n  p r i n c i p l e  one can make u s e  of t h e  f i e l d  r e v e r s a l  

a c r o s s  t h e  s h e e t  t o  d i s t i n g u i s h  between a permanent lunar  f i e l d  and 

a f i e l d  induced i n  t h e  moon by the t a i l  f i e l d .  This  i s  because an  
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-4 

where Ml'erm is a permanent l u n a r  magnetic moment, t hen  t h e  t o t a l  

moment below t h e  s h e e t  i s  simply 
I 

induced moment is  given by 

where , ~ , ~ = p l p ~  i s  t h e  bulk r e l a t i v e  pe rmeab i l i t y  of t h e  moon, Rc i s  

t h e  r a d i u s  of a co re  r eg ion  i n s i d e  of which t h e  temperature  is above 

t h e  Curie  p o i n t ,  and Rm is  t h e  u n i t  of l una r  r a d i u s  (1738 km). 

induced moment i s  seen t o  be a f u n c t i o n  of t h e  volume of t h e  moon 

and of  t h e  inducing t a i l  f i e l d  as w e l l .  Thus, i f  t h e  magne to ta i l  

f i e l d  above the  n e u t r a l  s h e e t  i s  B =B then t h e  f i e l d  below t h e  

s h e e t  i s  BT-= -B 

M i n d w e d -  induced+ . 

The 

- * - b  

T+ t a i l '  
--I --I 

and t h e  induced moment below the  s h e e t  i s  
t a i l  

+ 
= -; 

I f  t h e  t o t a l  magnetic moment of t h e  moon above t h e  n e u t r a l  s h e e t  

i s  g iven  by 

Mp e r m  
4 A - 
M+ - 

4 4 

M - = M  +ii 
perm induced- 
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The permanent and induced moments a r e  then g iven  i n  terms of t h e  

r e s p e c t i v e  t o t a l  moments by 

and 

4 

perm = f (Z+ + ii) M 

One can see from (2)  and ( 3 )  t h a t  i f  t h e  t o t a l  f i e l d  observed 

nea r  t h e  moon by t h e  s a t e l l i t e  is 

4 -  --. 4 

+ Bindwed  + B t a i l '  B = B  p e r m  

t h e n  i t  should be p o s s i b l e  t o  s e p a r a t e  t h e  v a r i o u s  components by  

u t i l i z i n g  measurements from each s i d e  of t h e  f i e l d  r e v e r s a l  r e g i o n ,  

r e a l i z i n g  t h a t  t h e r e  i s  a d i f f e r e n c e  i n  t h e  coord ina te  system 

a p p r o p r i a t e  f o r  i d e n t i f i c a t i o n  of t h e  r e s p e c t i v e  components. S ince  

an induced f i e l d  should be al igned wi th  the t a i l  f i e l d ,  s o l a r  e c l i p t i c  

c o o r d i n a t e s  are adequate f o r  s tudying induced f i e l d  e f f e c t s .  A 

permanent l una r  f i e l d ,  on  t h e  o t h e r  hand, should be f ixed  r e l a t i v e  t o  

t h e  moon, which i s  r o t a t i n g .  

are f i x e d  t o  the  luna r  s u r f a c e ,  would be a s u i t a b l e  choice of coord ina te s  

f o r  a t t empt ing  t o  i s o l a t e  a permanent f i e l d  v a r i a t i o n .  

Thus se l enograph ic  c o o r d i n a t e s ,  which 
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Using a s e l e c t e d  p a i r  of pas ses  near the moon from below and 

above t h e  n e u t r a l  s h e e t ,  one can c a l c u l a t e  from each set  of f i e l d  

measurements performed a t  t he  same p o s i t i o n  i n  the  r e s p e c t i v e  coord ina te  

systems the two v e c t o r s  

4 

= f (4 + 2- ) perm B ( se l enograph ic )  

and 

+ 
= f ‘9 - ii ) -5  ( s o l a r  e c l i p t i c ) .  

induced - t a i l  
B 

I n  t h i s  way a s u i t e  of pa i r ed  d a t a  obtained near t h e  moon can be 

made t o  y i e l d  t h e  s e p a r a t e  i n f l u e n c e s  of both permanent and induced 

l u n a r  f i e l d s  a s  func t ions  of p o s i t i o n  and d i s t a n c e  from the  moon. 

A s  can be seen from (l), t h e  d e t e c t i o n  o r  l i m i t i n g  of an induced f i e l d  

permits  a l i m i t  t o  be s e t  on the  luna r  pe rmeab i l i t y  given a va lue  

f o r  R C ,  t h e  Curie p o i n t  r a d i u s .  
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Experimental  Observat ions 

The experimental  d a t a  t o  be discussed c o n s i s t  of f i e l d  measurements 

performed by Exp lo re r  35 du r ing  th ree  success ive  p a s s e s  of t h e  moon 

through t h e  geomagnetic t a i l  i n  August , September and October 1967. 

No p a i r s  of f i e l d  measurement sets  s u i t a b l e  f o r  t h e  f i e l d  r e v e r s a l  

a n a l y s i s  were found i n  August due to geomagnetic c m d i t i o n s  being 

d i s t u r b e d  a t  t h e  beginning of t h e  t a i l  p a s s  (C Kp w a s  23 + on Augus t  18) 

and t h e  moon being cont inuously embedded i n  t h e  plasma s h e e t  near t h e  

end of t he  pass. F igu re  2 st.ows paired d a t a  t y p i c a l  of the September 

t a i l  pass.  While t h e  f i e l d  was r e l a t i v e l y  s t eady  on September 1 7  

when t h e  moon was below t h e  n e u t r a l  s h e e t ,  l a r g e  i n t e r m i t t e n t  

v a r i a t i o n s  i n  t h e  f i e l d  on September 19 when t h e  moon w a s  above t h e  

n e u t r a l  s h e e t  b u t  c l o s e r  t o  i t  l i m i t  t h e  use fu lness  of t h i s  p a i r .  

C Kp was 25  + on September 19 compared t o  a va lue  of 12- on September 

The b e s t  p a i r  of measurements ob ta ined  from Exp lo re r  35 

October 1 7  and 19 ,  around the  f i r s t  p e r i s e l e n e  passages on each of 

t hose  days ( s e e  F igu re  1) .  

9 on October 19. The d a t a  are shown i n  F i g u r e  3 .  They c o n s i s t  not 

o n l y  of measurements of t he  f i e l d  through p e r i s e l e n e  (marked P) but  

a l s o  through a s o l a r  e c l i p t i c  azimuth of  360°, which would be a p o l e  

of  an induced f i e l d  i n  the magnetotail .  I n d i v i d u a l  p o i n t s  r e p r e s e n t  

81.8 second averages of 5.12 second v e c t o r  measurements performed both 

below (.) and above (+) t h e  n e u t r a l  s h e e t .  Even i n  t h e  case of t h e s e  

were on 

C Kp ranged from 18 on October 1 7  down t o  

1 7  
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d a t a  t h e  observed f i e l d  w a s  no t  completely s t eady .  The e f f e c t s  of  

approximately 2 0  minute pe r iod  waves , which have p r e v i a  s l y  been 

observed i n  t h e  magnetosphere by Explorer  33 (Behannon, 1968),  a r e  

seen .  

One would expect  t h e  r e v e r s a l  of t he  ambient f i e l d  t o  r e s u l t  

i n  antisymmetric t r e n d s  i n  t h e  p a i r s  of  d a t a  curves  i f  t h e  e f f e c t s  

of  an  induced f i e l d  are observed by t h e  s p a c e c r a f t .  Th i s  i s  weakly 

suggested by t h e  BX component d a t a .  On t h e  o t h e r  hand, permanent 

l u n a r  f i e l d  measurements from d i f f e r e n t  pas ses  should have n e a r l y  

i d e n t i c a l  t r ends  if t h e  s p a c e c r a f t  t r a c k s  approximately t h e  same 

p a t h  through the  luna r  f i e l d  on each of  t h e  passes. E q u i v a l e n t l y ,  

t h e  s u b s a t e l l i t e  p o i n t  must t race ou t  approximately t h e  same p a t h  

on t h e  luna r  s u r f a c e  i n  each of  t h e  passes .  A t ransformat ion  t o  

selenographic  coord ina te s  pe rmi t s  one se t  of  d a t a  t o  be s h i f t e d  

r e l a t i v e  t o  t h e  o t h e r  so t h a t  t h i s  c o n d i t i o n  i s  s a t i s f i e d  i f  t he  

date s t  t s  are  no t  s epa ra t ed  i n  t i m e  by more than  a t e w  days .  The d a t a  

sho..dn i n  b i g  r e  3 a re  i n  s o l a r  e c l i p t i c  coord ina te s  w i t h  the  r e s p e c t i v e  

p o s i t i o n s  of t h e  zei-o:, o r  cclenographic  long i tude  ( ,  ) i n d i c a t e d .  

The ptr>:,elene d i s t a n c e  v a r i e d  f rom 817 km on Octobcr 1 7  t u  869 km 

on O ~ t o b e r  1 9 .  A f i e l d  t h a t  v a r i e s  u: %' would  d e c r e a s e  b y  20% i n  

t h a t  d i s t  ai,ce 

SG 

The a n a l y s i s  desc r ibed  i n  t he  previous s e c t i o n  was performed on 

t h e s e  d a t a  and  t h e  r e s p e c t i v e  rtBsidua1 f i e l d s  are shown i n  F i g u r e  4 .  

The so1 i d  curves , a s  f u n c t i o n s  of se lenographic  long i tude ,  should show 
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t h e  e f f e c t s  of a permanent f i e l d ,  while t h e  d o t t e d  cu rves ,  as f u n c t i o n s  

o f  s o l a r  e c l i p t i c  azimuth, should reveal  any induced f i e l d  e f f e c t .  A s  

can be seen ,  they show t h a t  n e i t h e r  a permanent nor an induced f i e l d  

makes a c o n t r i b u t i o n  of as much as ly t o  t h e  magnitude of t h e  observed 

f i e l d  a t  t h e  d i s t a n c e  of Explorer  35 a t  p e r i s e l e n e ,  o r  a t  an azimuth 

of 360" i n  t h e  case  of t h e  induced component. 

of l y  i s  seen  i n  t h e  permanent f i e l d  traces a t  a t i m e  which i s  p o s t -  

A t o t a l  f i e l d  r e s i d u a l  

p e r i s e l e n e  and occurs  a t  a d i s t a n c e  from t h e  s u r f a c e  of 886 km. The 

f i e l d  magnitude C O I ~ ? C ?  i n c r e a s e  with d i s t a n c e  i n  a d i p o l e  f i e l d  i f  

t h e  s p a c e c r a f t  i s  moving toward the p o l a r  r e g i o n  of t he  f i e l d .  TPe 

observed peak is  more probably the r e s u l t  of s u p e r p o s i t i o n  of temporal 

v a r i a t i o n s  o c c u r r i n g  i n  the  r e s p e c t i v e  f i e l d s  which have been sum.ed. 

F igu res  5 and 6 summarize the t o t a l  f i e l d  v a r i a t i o n s  observed by 

Exp lo re r  35 from August throuzh October f o r  t h e  selenographic  long i tude  

range of 0'-140°. 

toward Oo is seen  i n  t h e  d i s t a n c e  v a l u e s .  

d i d  no t  va ry  by more than 6 a t  any given long i tude  throughout t he  

p e r i d  covered by t h e  d a t a .  The p e r i s e l e n e  d i s t a n c e  from the  luna r  

s u r f a c e  v a r i e d  between 747-886 km dur ing  t h i s  pe r iod .  The l a r g e  deg ree  

o f  v a r i a b i l i t y  s een  i n  the  d a t a  i s  due a t  l e a s t  i n  p a r t  t o  t he  c l o s e  

proximity of t h e  moon t o  the n e u t r a l  s h e e t  much of t h e  time. N o  

c o n s i s t e n t  p a t t e r n  of v a r i a t i o n  is  e v i d e n t ,  and no inc rease  i n  t h e  

magnitude l a r g e r  t han  approximately %y i s  seen  near p e r i s e l e n e  on t h o s e  

p a s s e s  where t h e  f i e l d  i s  r e l a t i v e l y  s t e a d y ,  as on September 1 7  (sequence 

77,694) and on September 19 (sequence 79,710). 

The progressive advancement of t he  p e r i s e l e n e  p o i n t  

Selenographic  l a t i t u d e  

0 
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Table 1 summarizes the  cond i t ions  of t he  environment i n  which 

t h e  observa t ions  shown i n  F igu res  5 and 6 were made. The d a t e  and 

t e l eme t ry  sequence number of t h e  beginning of each  run  p l o t t e d  i n  t h e  

f i g u r e s  i s  l i s t e d  i n  t h e  t a b l e .  

t h r e e  hours  t h e  average t o t a l  f i e l d  magnitude FAVG 
w i t h  t h e  va lue  of  Kp corresponding t o  t h a t  t i m e  i n t e r v a l  and t h e  

d i s t a n c e  of Exp lo re r  35 from t h e  s o l a r  magnetospheric e q u a t o r i a l  p lane  

a t  t h e  beginning of  t h e  run.  The average t o t a l  f i e l d  f o r  a l l  1 2 p a s s e s  

w a s  found to  be  1 0 . 3 ~ .  A magnitude of  9-1Oy is  p r e d i c t e d  f o r  t h e  

magneto ta i l  f i e l d  a t  60 RE from t h e  e a r t h  by t h e  t a i l  g r a d i e n t  

obse rva t ions  o f  Explorer  33 (Behannon, 1968; Mihalov e t  a l . ,  1968). 

I n  Table 2 i s  shown the  average t rend  of  t h e  t o t a l  f i e l d  w i t h  

For  each  o f  t h e  12runs  of g r e a t e r  t han  

i s  t a b u l a t e d ,  a long  

se lenographic  long i tude  found from t h e  d a t a  shown i n  F igu res  5 and 6. 

The 12 passes  were summed and averaged a t  loo  i n t e r v a l s  of longi tude  

from 130 t o  0 , g iv ing  t h e  14 va lues  of average magnitude F 

aver:<:c scl t . i i ( \centr ic  d i s t a n c e  of Explorer  35 i n  luna r  r a d i i  corresponding 

t o  c d c h  magnitudc average i s  a l s o  given.  A s  can be seen  the  s t anda rd  

d e v i a t i o n  of t h e  average t o t a l  f i e l d  was found t o  be on ly  2 0 . 2 ~  

f o r  t he  130 range of longi tude  al though the  averahe  d i s t a n c e  v a r i e d  

b> 0 . 5  %. 

- 
The 0 0 

AVE‘ 

0 

The tcotal f i e l d  d a t a  a l so  call be  summarized i n  t e r m s  of s o l a r  

t ’ c l i p t i c  azimuth.. 

thL passes  near t he  moon i n  October ,  Again t h e  temporal  v a r i a b i l i t y  

i s  e v i d e n t ,  b u t  t he  d a t a  from October 1 7  ( sequence  108,681) and 

Figure  7 r c p r c s e n t s  a g r a p h i c a l  summary f o r  f i v e  Of 
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October 19 (sequences 111,220 and 111,729) show l i t t l e  v a r i a t i o n  

through e i t h e r  p e r i s e l e n e  o r  (ISSE = 0'. 

l y  would be expected a t  0 

cm3. 

9y and an induced moment of 1 x le" were used t o  compute t h e  e f f e c t  

of 39 induced f i e l d  along t h e  ac tua l  t r a j e c t o r y  o f  Exp lo re r  35 i n  a 

s t e a d y  ambient f i e l d  of 9y. 

An e f f e c t  of approximately 

f o r  a n  induced moment of 1 x leo gauss- 
0 

This  i s  i l l u s t r a t e d  i n  Figure 8 ,  where t h e  average t a i l  f i e l d  of 

An induced f i e l d  e f f e c t  may be c a l c u l a t e d  a t  each p o i n t  i n  the  

o rb  i t  using 

B = B cos6 + 2 M~ C O S ~ / R ~  
R T  

and 

B =B s i n 0  + M sinf3/R3 , 0 T  I 

where MI is  t h e  magnitude of the induced moment, R i s  t h e  

s e l e n o c e n t r i c  d i s t a n c e  t o  the  p o i n t ,  and 8 i s  t h e  ang le  between 

t h e  t a i l  f i e l d  v e c t o r  and t h e  r ad ius  v e c t o r  eo t h e  p o i n t .  

I n  F igu re  8 t h e  t h e o r e t i c a l  f i e l d  i s  superimposed a s  a s o l i d  curve 

on t h e  measured t o t a l  f i e l d  and component d a t a  from t h e  f i r s t  

p e r i s e l e n e  p a s s  on October 19. Even w i t h  t h e  wave f l u c t u a t i o n s  i n  

t h e  f i e l d  i t  i s  clear t h a t  no r egu la r  v a r i a t i o n  l a r g e r  t h a n  one due 

t o  an induced moment of 1 x 102' gauss-cm3 is  seen  i n  t h e  f i e l d  

observed by t h e  s p a c e c r a f t .  
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I n t e r p r e t a t i o n  of R e s u l t s  

With these  more d e t a i l e d  s t u d i e s  of Exp lo re r  35 measurements 

nea r  t h e  moon, one i s  a b l e  t o  s e t  upper l i m i t s  on t h e  l u n a r  magnetic 

moment and s u r f a c e  f i e l d  magnitude t h a t  are lower than  p rev ious  

e s t ima tes .  Table  3 shows the  permanent d i p o l e  f i e l d  t h a t  would be 

observed a t  a p e r i s e l e n e  d i s t a n c e  of 1.4 % (-700 km) f o r  d i f f e r e n t  

va lues  of t h e  d i p o l e  moment magnitude M and e q u a t o r i a l  s u r f a c e  f i e l d  

magnitude B 

t a b l e  g ives  t h e  corresponding magnitude of t h e  luna r  f i e l d  a t  t h e  

s p a c e c r a f t  a t  t h e  g iven  p e r i s e l e n e  d i s t a n c e  i f  t h e  s a t e l l i t e  i s  

over t he  pole ,  a t  45 from t h e  p o l e ,  o r  a t  t h e  luna r  magnetic 

equa to r .  

September 1967 (approximately 200 km f u r t h e r  from t h e  s u r f a c e ) ,  t h e  

f i e l d  magnitudes t h a t  would be observed would be 25% l e s s  t han  t h e  

v a l u e s  l i s t e d  i n  Table 3. 

For each va lue  of t he  moment and s u r f a c e  f i e l d  t h e  eq 

0 

A t  t h e  maximum p e r i s e l e n e  d i s t a n c e  observed du r ing  August- 

The most d i f f i c u l t  s i t u a t i o n  t o  d e t e c t  from an  e q u a t o r i a l  o r b i t  

would be one i n  which a permanent magnetic moment would be normal t o  

t h e  e c l i p t i c  plane.  However, t h e  t o t a l  f i e l d  v a l u e s  i n  t h e  90' column 

i n  Table 3 show t h a t  even i n  t h a t  most obscure c a s e ,  t h e  f i e l d  due 

t o  a moment >lo"' should be observable .  It  can be seen  from t h e  

t a b l e  t h a t  i f  no permanent f i e l d  v a r i a t i o n s  l a r g e r  t han  l y  a r e  

d e t e c t e d ,  then the  upper l i m i t  on a l una r  d i p o l e  moment must be of t h e  

o r d e r  of 1 x l@" gauss-cm3 w i t h  an e q u a t o r i a l  s u r f a c e  f i e l d  no 

g r e a t e r  t han  approximately 2Y. 
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The tests f o r  an induced f i e l d  e f f e c t  show t h a t  i f  an induced 

component i s  p resen t  i n  t h e  Explorer  35 d a t a  through p e r i s e l e n e  and 

through an azimuth of 360 , then i t  is less than  l y  i n  magnitude a l s o .  

The comparison w i t h  a computed f i e l d  v a r i a t i o n  i n  F i g u r e  8 f u r t h e r  

shows t h a t  i f  a magnetic moment i s  induced i n  t h e  moon, i t  nlust be 

l i m i t e d  t o  5 1 x 1@0gaiiss-cn3 as w e l l .  

0 

When t h e  magnitude of t h e  inducing t a i l  f i e l d  i s  considered 

along w i t h  t h e  upper l i m i t  on t h e  induced moment, one can e s t i m a t e  

a n  upper l i m i t  on t h c  bulk magnetic p e r m e a b i l i t y  of t h e  luna r  m a t e r i a l .  

The family of curves  shown i n  Figure 9 r e l a t e  induced magnetic moment 

t o  p e r m e a b i l i t y  f o r  a range of values of R1/RM, t h e  r e l a t i v e  c a v i t y  

r a d i u s ,  i n  a s p h e r i c a l  s h e l l  o f  permeable material  ( Jackson ,  1962). 

I f  one assumes a homogeneous s o l i d  moon (RC=O) so t h a t  t h e  equa t ion  

f o r  magnetic moment given i n  Figure 9 i s  va:id, t hen  a unique 

s o l u t i o n  f o r  pm, the  r e l a t i v e  pe rmeab i l i t y ,  is p o s s i b l e .  

f i e l d  of 9y, corresponding t o  t h e  average t a i l  f i e l d  magnitude on 

October 19 ,  and an upper l i m i t  o n  t h e  induced moment of 1 x lPo gauss- 

cm3, an upper l i m i t  of 1.8 i s  obtained f o r  p . 
m 

For an inducing 

The l i m i t  of  1.8 can be compared t o  v a l u e s  found i n  t h e  l a b o r a t o r y  

f o r  v a r i o u s  materials which have been suggested f o r  t h e  composition of 

l u n a r  rocks.  It must be remembered t h a t  l a b o r a t o r y  measurements are 

performed a t  temperatures  w e l l  below t h e  Cur i e  p o i n t ,  s i n c e  as a 

material is heated t o  t h a t  temperature t h e  s u s c e p t i b i l i t y  goes t o  ze ro .  

A l i m i t e d  n u d e r  of measurements have been made on c h o n d r i t i c  m e t e o r i t e s .  
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F e n s l e r  e t  a1.(1962) found D. C. p e r m e a b i l i t i e s  of 1.20 and 2.04 

f o r  t h e  Leedy and Plainview me teo r i t e s .  I n  a survey of 79 chondr i t e s ,  

Pochtarev  and Gus'kova (1962) found va lues  of x ranging from 0.0032 

t o  0.220 cgs u n i t s .  S ince  

one f i n d s  t h a t  t h e  r e l a t i v e  p e r m e a b i l i t i e s  of  t hose  samples ranged 

from 1.04 t o  3.76. I n  a d d i t i o n ,  16% had p e r m e a b i l i t i e s  l a r g e r  t han  1.8. 

Values f o r  achondr i t e s  and e u c r i t e s  surveyed ranged from 1.0025 t o  

1.25. 

Measurements of s u s c e p t i b i l i t y  of comon e a r t h  rocks  (Grant and 

West, 1965; Clark ,  1966) lead  t o  r e l a t i v e  pe rmeab i l i t y  va lues  t h a t  

f a l l  on o r  below an average of 1.01 f o r  b a s a l t .  Th i s  i s  due t o  a 

tendency f o r  magnet i te  t o  concent ra te  i n  mafic  rocks ,  r e s u l t i n g  i n  a 

h igher  magnetic s u s c e p t i b i l i t y  i n  these  rocks  than  i n  more s i l i c i c  

ones.  Thus the upper l i m i t  s e t  by Explorer  35 on the  bulk  r e l a t i v e  

pe rmeab i l i t y  of the  lunar  body is  i n  t h e  lower 1 / 3  of t h e  range of  

measured va lues  f o r  c h o n d r i t i c  m e t e o r i t e s  and l a r g e r  than  va lues  

measured f o r  achondr i t e s  and e u c r i t e s ,  a s  w e l l  as those  found f o r  

t e r r e s t r i a l  rocks.  

I f  t h e  C u r i e  p o i n t  r a d i u s  f o r  t h e  moon i s  i n  f a c t  l a r g e ,  i t  can 

be seen  from Figure 9 t h a t  i f  RC=R1 and t h e  magnetic moment i s  as l a r g e  

a s  10;?"gauss-crnS then p could be a l a r g e  number. However, t h e  
m 
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preceding d i s c u s s i o n  of l a b o r a t o r y  measurements of p sugges t s  t h a t  m 

t h e  bulk r e l a t i v e  magnetic pe rmeab i l i t y  of t h e  moon i s  probably no 

l a r g e r  t han  t h e  upper l i m i t  t h a t  was computed f o r  t h e  case  of R =O. 

Th i s  conc lus ion  is  supported by t h e  r e s u l t s  of t h e  magnet experiments 

on Surveyors 5 ,  6 and 7 .  Those r e s u l t s  were c o n s i s t e n t  w i th  a b a s a l t i c  

s t r w t u r e  f o r  t h e  moon's s u r f a c e  a t  t h e  s i tes  t e s t e d  (de Wys, 1967,1968). 

The q u e s t i o n  of t h e  v a l u e  o f  RC w i l l  remain inde te rmina te  u n t i l  

C 

s u f f i c i e n t  measurements are performed on t h e  moon t o  e s t a b l i s h  a 

r e l i a b l e  average v a l u e  of + f o r  the moon and t h e  induced moment is 

determined more p r e c i s e l y .  If the  l u n a r  magnetic p e r m e a b i l i t y  i s  as 

low as has been measured f o r  t e r r e s t r i a l  rocks ,  even i f  t h e  moon is  

s o l i d  F igu re  9 shows t h a t  t h e  moment induced i n  t h e  moon by t h e  t a i l  

f i e l d  would be a t  l e a s t  an o r d e r  of magnitude lower than  t h e  upper 

l i m i t  s e t  by Exp lo re r  35 measuements.  

m 
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Summary 

Measurements obtained i n  t h e  v i c i n i t y  of t h e  moon by Luna 2 

e s t a b l i s h e d  an upper l i m i t  of 6 x 10”l gauss-cm3 on t h e  magnetic 

moment of t h e  moon. Data from Luna 10, t h e  f i r s t  s p a c e c r a f t  t o  o r b i t  

t h e  moon, suggested a s l i g h t l y  lower moment of 1-3 x 1021 gauss-cm . 
While not  f i n d i n g  a d i p o l e - l i k e  v a r i a t i o n  i n  t h e  Luna 10 measurements 

near  t h e  moon, t h e  magnetic f i e l d  experimenters  d i d  c l a im t o  observe 

a s i g n i f i c a n t  excess  o f  t h e  nea r - luna r  f i e l d  ove r  t he  undis turbed 

i n t e r p l a n e t a r y  f i e l d  (Dolginov e t  a l . ,  1966). However, t hey  s t a t e  

t h a t  f o r  the Luna 10 obse rva t ions  t o  be c o n s i s t e n t  w i t h  a s t a t i c  rragneti-  

z a t i o n  of l una r  rocks ,  those rocks would have t o  have a magnetic 

pe rmeab i l i t y  of 0.5. The i n t e r p r e t a t i o n  of t h e  Luna 10 magnetic 

measurements has been quest ioned by Ness (1967) .  

3 

Measurements by the  more s e n s i t i v e  GSFC magnetometer onboard 

Explorer  35 r e v e a l  no luna r  f i e l d  of t he  magnitude observed by Lunar 10 and 

reduce the  u p p e r  l i m i t  on the  l u n a r  magnetic moment t o  leo gauss-cm3. 

This  corresponds,  i n  t he  case  of a permanent d i p o l e  f i e l d ,  t o  an 

e q u a t o r i a l  s u r f a c e  f i e l d  of no g r e a t e r  t han  approximately 2k ( and a 

f i e l d  no larger  than  4y  anywhere on the  luna r  s u r f a c e ) .  

L i m i t s  of 1 x l@Ogauss-cn? on each  of t h e  r e s p e c t i v e  moments 

permit  a t o t a l  magnetic moment i n  t h e  magne to ta i l  as l a r g e  as 2 x Ido 

f o r  the  case  i n  which t h e  two moments a r e  p a r a l l e l  and i n  t h e  same 

d i r e c t i o n .  

have de tec t ed  t h a t l a r g e r  e f f e c t ,  i t  i s  not l i k e l y  t h a t  such an al ignment  

However, s i n c e  t h e  sea rch  f o r  an induced moment should 
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8 

eve r  occurs  and hence the  upper l i m i t  on t h e  t o t a l  moment is a l s o  

probably of  t h e  o rde r  of 1 x l @ O g a u s s - c d .  

The upper l i m i t  on t h e  magnetic moment a long w i t h  t h e  average 

magnitude of t h e  e a r t h ' s  t a i l  f i e l d  permi t  an upper l i m i t  of 1.8 t o  

be set on t h e  bu lk  r e l a t i v e  magnetic pe rmeab i l i t y  of t h e  moon i f  a 

s o l i d ,  homogeneous moon i s  assumed. Laboratory measurexents and 

Surveyor magnet r e s u l t s  sugges t  t h a t  t h e  magnetic pe rmeab i l i t y  i s  

probably not  l a r g e r  t han  t h a t  va lue ,  even i f  t h e  moon's co re  is not 

s o l i d .  A magnetic pe rmeab i l i t y  on t h e  lower edge of o r  below t h e  

range  of va lues  found i n  t h e  l a b o r a t o r y  f o r  c h o n d r i t i c  m e t e o r i t e s  

sugges t s  t h a t  t h e  moon i s  not predominantly composed of co ld  c h o n d r i t i c  

m a t e r i a l .  It could be composed of w a r m  c h o n d r i t i c  material bu t  t hen  

t h e r e  would be o t h e r  detectable e f f e c t s  such a s  t h o s e  due to c o n d u c t i v i t y ,  

and no e f f e c t s  of t h a t  na tu re  have been found (Ness ,  1968). 

F a i l u r e  t o  d e t e c t  a l una r  f i e l d  e f f e c t  w i th  t h e  Explorer  35 

ins t rument  r e i n f o r c e s  t h e  conclusion t h a t  t h e  bulk of t h e  moon d i d  

n o t  cool  through i ts  Cur ie  po in t  a t  some p a s t  t i m e  i n  a s t r o n g  uniform 

magnetic f i e l d ,  s i n c e  a r e l a t i v e  s t r o n g  and s t :able  remanence would 

have been acqui red  and should have been observed. 
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A c know 1 ed pement s 

I a m  indebted t o  D r .  N. F. Ness f o r  h i s  many sugges t ions  and 

continuous suppor t  throughout t h i s  work. Discuss ions  wi th  D r .  H. E .  

Taylor ,  the a n a l y s i s  a s s i s t a n c e  of M r .  H, E .  Haney and M r .  W. H. Mish, 

and the engineer ing  c o n t r i b u t i o n s  of M r .  C. S. Scearce  and D r .  S. C. 

Cantarano t o  t h e  Explorer  35 experiment are a l s o  apprec ia t ed .  

0 
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TABLE 1 

AVERAGE TAIL FIELD MAGNITUDE SUMMARY 

- 
SEQ FAVG ( 1/ ) KP ZSM(RE) 

18 A u g  1967 45743 13.5 3 -15.6 

19 A u g  46752 12.5 2-  - 9 . 3  

19 A u g  472-; 12.0 3 -5.5 

1 7  S e p t  77195 7.8 2 -11 .7  

17 S e p t  7 7 694 10.2 2- -9.1 

18  S e p t  

19 S e p t  

16 Oct 

17 Oct 

1 7  O c t  

19 O c t  

19 Oct 

78709 

79 7 10 

108133 

108641 

109 140 

111144 

111643 

AVERAGE 

12.5 3- -3.8 

10.0 3+ + 3 . 3  

9.2 O+ -14.8 

7.7 1 -5.2 

10.6 2 -8.0 

9.2 O+ +6.2 

8.1 1 +4.8 

= 10.3y 
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TABLE 2 

AVERAGE F I E L D  MAGNITUDE VARIATION WITH 

SELENOGRAPHIC LONGITUDE 

130 

120 

110 

100 

90 

10.5 

10.5 

10.5 

10.7 

10.7 

2.0 

1.8 

1.7 

1.5 

1.5 

80 

70 

60 

50 

40 

30 

20 

10 

0 

10.3 

10.3 

10.2 

10.1 

10.3 

10.1 

10.2 

10.1 

10.1 

1.5 

1.5 

1.5 

1.6 

1 .6  

1.7 

1.8 

1.9 

2.0 

AVERAGE F I E L D  MAGNITUDE = 10.3~ 

STANDARD DEVIATION O F  F I E L D  = +0.22( 
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FIGURE CAPTIONS 

F igure  1 V a r i a t i o n  of t h e  d i s t a n c e  (ZSM) of t h e  moon from t h e  s o l a r  

magnetospheric e q u a t o r i a l  (ZsM=O) plane i n  u n i t s  of ( e a r t h  

r a d i i )  during t h e  October 1967 p a s s  of t h e  moon a c r o s s  t h e  

geomagnetic t a i l .  P e r i s e l e n e  p o i n t s  (P)  f o r  Exp lo re r  35 i n  

l u n a r  o r b i t  a r e  shown. Heavy shading along the  t r a j e c t o r y  

i n d i c a t e s  i n t e r v a l s  when depressed f i e l d  magnitude w a s  

observed, w i t h  p o s i t i o n s  a t  which temporary and f i n a l  

n e u t r a l  s h e e t  t r a v e r s a l s  occurred a l s o  marked ( R ) .  

F igu re  2 Pa i r ed  GSFC magnetic f i e l d  d a t a  f r o m E x p l o r e r  35 passes  

near t h e  moon on September 1 7  and 19,  1967. S o l a r  e c l i p t i c  

component measurements of t h e  v e c t o r  f i e l d  ( i n  gammas) bo th  

below (.) and above (t) t h e  n e u t r a l  s h e e t  of t h e  geomagnetic 

t a i l  a r e  shown as f u n c t i o n s  o f  s e l e n o c e n t r i c  s o l a r  e c l i p t i c  

azimuth ( 8  ) ,  s e l e n o c e n t r i c  d i s t a n c e  of t h e  s p a c e c r a f t  i n  

u n i t s  o f  % ( l u n a r  r a d i i ) ,  and r e l a t i v e  t e l e m e t r y  sequence 

number. Approximately 190 minutes of d a t a  a r e  shown. 

S SE 

Figure  3 Pa i red  GSFC magnetic f i e l d  d a t a  from Exp lo re r  35 passes 

near t h e  moon on October 1 7  and 19 ,  1967. These measurements 

t oge the r  w i th  those  shown i n  F i g u r e  2 ,  demonstrate  t h e  

continuous absence of a l a r g e  l u n a r  f i e l d  e f f e c t  i n  a r e l a t i v e l y  

s teady magne to ta i l  f i e l d .  

F igu re  4 S o l a r  ecl ipt iccomponent  r e s i d u a l s  nea r  t h e  moon ob ta ined  

from a n a l y s i s  of October 1 7  and 19 d a t a .  These cu rves  show 
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t h a t  bo th  permanent and induced luna r  f i e l d  e f f e c t s  a t  t h e  

s p a c e c r a f t  a r e  less than  rt$y a t  p e r i s e l e n e  ( P ) ,  
- 

Figure  5 T o t a l  magnetic f i e l d  magnitudes (F) on s i x  p e r i s e l e n e  passes  

du r ing  August 18 t o  September 18, 1967 as f u n c t i o n s  o f  

se lenographic  longi tude  ( A  ). Se lenocen t r i c  d i s t a n c e  i n  SG 

u n i t s  of i s  given wi th  each curve.  No r e c u r r e n t  p a t t e r n  

of v a r i a t i o n  i n  f i e l d  magnitude was observed. 

F igu re  6 T o t a l  marrl-etic f i e l d  magnitudes measured on s ix  passes  

du r ing  t h e  per iod September 19 t o  October 19 ,  1967. A s  

i n  F igure  5,  no p e r s i s t e n t  v a r i a t i o n  wi th  se l eograph ic  

long i tude  t h a t  could be a t t r i b u t e d  t o  a d i p o l e  o r  remanent 

permanent lunar  f i e l d  is  s e e n  i n  t h e  d a t a .  

F i g u r e  7 T o t a l  magnetic f i e l d  magnitudes observed by Explorer  35 du r ing  

f i v e  passes  near  t h e  moon i n  October 1967 a s  func t ions  of 

s e l e n o c e n t r i c  s o l a r  e c l i p t i c  azimuth (@ssE) and d i s t a n c e  i n  

u n i t s  of l una r  r a d i i .  Dis tance  (2 ) from t h e  s o l a r  magneto- 

s p h e r i c  e q u a t o r i a l  plane is g iven  f o r  gsSE=O . 
no r e g u l a r  v a r i a t i o n  with s o l a r  e c l i p t i c  azimuth i s  seen.  

Measured t o t a l  f i e l d  and s o l a r  e c l i p t i c  component da t a  f o r  

t h e  per iod  0830-1140 UT, October 19 w i t h  c a l c u l a t e d  induced 

f i e l d  ( f o r  t h e  case  of an unaber ra ted  t a i l )  superimposed. A 

gradual  i nc rease  i s  seen i n  t h e  measured f i e l d  around an 

azimuth of 360°, but  a v a r i a t i o n  w i t h  t h e  form o f  t h e  computed 

induced f i e l d  is  not seen.  The averages of t he  BX and BY 

SM 
0 I n  t h i s  ca se  

F igu re  8 
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components during t h i s  pe r iod  g ive  an a b e r r a t i o n  angle  

for t h e  magnetotai l  of -6 

v e l o c i t y  of -300 km/sec). 

Induced magnetic moment (M) as a f u n c t i o n  of magnetic 

s u s c e p t i b i l i t y  ( i ~ .  - l ) ,  f o r  inducing t a i l  f i e l d  magnitudes m 

(BT) of 10 and 1 5 ~ .  R e l a t i v e  e q u a t o r i a l  s u r f a c e  f i e l d  

magnitude corresponding t o  a g iven  induced moment i s  shown 

on t h e  r ight-hand o r d i n a t e .  The formulat ion f o r  computing 

t h e  induced moment f o r  a s o l i d ,  homogeneous moon is given. 

0 (corresponding t o  a s o l a r  wind 

F igure  9 
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